Oscillations of neutrinos ν L ↔ ν R in presence of an arbitrary electromagnetic field is considered. We introduce the Hamiltonian for the neutrino spin evolution equation that accounts for possible effects of neutrino magnetic µ and electric ǫ dipole moments interaction with the transversal and also the longitudial components of electromagnetic field. Using this Hamiltonian we predict the new type of resonance in the neutrino oscillations ν L ↔ ν R in the presence of the field of an electromagnetic wave and in combination of an electromagnetic wave and constant magnetic field.
electric, ǫ, moments) are not equal to zero, the equation for the three dimentional spin vector S can be written in the form
where n = β β is a unit vector that is parallel with the neutrino momentum and γ = (1 − β 2 ) −1/2 , β = v/c. The magnetic, B 0 , and electric, E 0 , fields in the neutrino rest frame are given by
Here
are the transversal and longitudial in respect to the direction of the neutrino motion components of magnetic and electric fields in the laboratory frame. The form of the eq. (1) is deternimed by the general conditions of the Lorentz invariance and linearity over field F µν . The quantities ρ and ξ can be deternimed within the dynamical treatment based on exact expression for the interaction Lagrangian. For this purpose we introduce the neutrino spin tensor
that can be used for description of the neutrino spin states (here σ i are the Pauli matrixes). The behaviour of S = S(t) is given by the evolution operator U ,
for which one can get ( 16 ) the Schrödinger type equation
where for the case of non zero magnetic µ and electric ǫ moments we obtain
Now, in order to identify the quantities ρ and ξ, let us compare the Hamiltonian of the Schrödinger type equation (6) with the Hamiltonian that was considered in ( 2 ). In our notations the latter Hamiltonian of can be written as
where A is a function of the neutrino vacuum mixing angle θ which is determined by the considered type of neutrino conversion process (for example, A = 1 2 (cos θ − 1) for ν eL ↔ ν eR ). Then, taking into account different C, P, and T transformation properties of terms of the Hamiltonian we come from (6), (7), (2) and (8) to the following identification:
Finally we get the effective Hamiltonian that determines the evolution of the system ν = (ν R , ν L ) in presence of electromagnetic field:
Terms proportional to 1/γ 2 are omitted here. Note that the difference of neutrino effective potentials in matter, V , may contain contributions from the medium polarization by the logditudial magnetic field that were studied in 22 . As it follows from (10) the effective Hamiltonian depends on the longitudial components of the magnetic and electric fields, B and E . Terms proportional to B , E are suppressed by a factor of 1/γ ≪ 1 for the case of relativistic neutrinos. However, for electromagnetic field configurations with strong enough components B and E these terms may be important. In particular, it means that the longitudial component of the magnetic field could affect the resonance condition in the neutrino oscillations ν L ↔ ν R not only due to the polarization of medium in longitudial magnetic field 22 , but also due to the interaction of the neutrino magnetic moment with B .
Let us using the Hamiltonian (10) consider the neutrino spin procession in combination of a field of electromagnetic wave with frequency ω and a longitudial magnetic field B . We denote by e 3 the axis that is parallel with n and by φ the angle between e 3 and the direction of the wave propagation. For simplicity we shall neglect terms proportional to the neutrino electric dipole moment ǫ.
In this case the magnetic field in the neutrino rest frame is given by
where e 1,2,3 are the unit orthogonal vectors. For the electromagnetic wave of circular polarization one can use
where the phase of the wave depends on the wave speed in medium, β 0 (β 0 ≤ 1), and g = ±1 correspond to the two types of the wave polarization. Expanding B 0 over small parameter 1/γ ≪ 1 and neglecting terms which are proportional to 1/γ 2 we find from (7)
The exact solution of equation (6) for the neutrino spin evolution in this configuration of electromagnetic fields can be obtained if one neglect the term B 1 sin φ in (13) . This is a reasonable approximation in the case when B is strong enough or when sin φ is small (the direction of propagation of the electromagnetic wave is nearly parallel or anti parallel in respect to the neutrino momentum). In this case the solution of eq. (6) for the evolution operator U can be written in the form
The evolution operator U is a combination of the operator which discribes rotation on the angle χ − χ 0 = 2l(t − t 0 ) around the axis l, and the rotation operator on the angle ψ − ψ 0 around the axis e 3 . For the vector l we get
γ µB e 3 − µB(1 − β cos φ)( e 1 cos ψ 0 − e 2 sin ψ 0 ).
(15) The conversion probability among the two neutrino states, ν L and ν R , could became sufficient when the vector l is orthogonal or nearly orthogonal to the axis e 3 .This will happen when the condition
is valid. The unequality (16) binds together the properties of neutrinos (µ, ∆m 2 , E, θ) and medium (V ), as well as the direction of propagation, φ, and other characteristics of the electromagnetic wave (the frequency ω, the polarization g, the speed in medium β 0 , the strength of the field B) and the strength of the longitudial magnetic field B . Using the condition (16) we predict the new type of resonances in the neutrino oscillations ν L ↔ ν R that can exist in presence of the combination of electromagnetic wave and constant magnetic field. Taking B = 0 one finds from (16) the corresponding condition for the case when the electromagnetic wave is only presented (see 23 ). The new effects discussed above can be important in astrophysics (the details of this issue will be considered elsewhere).
